Caspases and the cytotoxic lymphocyte protease granzyme B (GB) induce reactive oxygen species (ROS) formation, loss of transmembrane potential and mitochondrial outer membrane permeabilization (MOMP). Whether ROS are required for GBmediated apoptosis and how GB induces ROS is unclear. Here, we found that GB induces cell death in an ROS-dependent manner, independently of caspases and MOMP. GB triggers ROS increase in target cell by directly attacking the mitochondria to cleave NDUFV1, NDUFS1 and NDUFS2 subunits of the NADH: ubiquinone oxidoreductase complex I inside mitochondria. This leads to mitocentric ROS production, loss of complex I and III activity, disorganization of the respiratory chain, impaired mitochondrial respiration and loss of the mitochondrial cristae junctions. Furthermore, we have also found that GB-induced mitocentric ROS are necessary for optimal apoptogenic factor release, rapid DNA fragmentation and lysosomal rupture. Interestingly, scavenging the ROS delays and reduces many of the features of GB-induced death. Consequently, GB-induced ROS significantly promote apoptosis. Cell Death and Differentiation (2015) 22, 862-874; doi:10.1038/cdd.2014.180; published online 31 October 2014
To induce cell death, human granzyme B (GB) activates effector caspase-3 or acts directly on key caspase substrates, such as the proapoptotic BH3 only Bcl-2 family member Bid, inhibitor of caspase-activated DNase (ICAD), poly-(ADPribose) polymerase-1 (PARP-1), lamin B, nuclear mitotic apparatus protein 1 (NUMA1), catalytic subunit of the DNAdependent protein kinase (DNA-PKcs) and tubulin. [1] [2] [3] Consequently, caspase inhibitors have little effect on human GB-mediated cell death and DNA fragmentation. 2 GB causes reactive oxygen species (ROS) production, dissipation of the mitochondrial transmembrane potential (ΔΨm) and MOMP, which leads to the release of apoptogenic factors such as cytochrome c (Cyt c), HtrA2/Omi, endonuclease G (Endo G), Smac/Diablo and apoptosis-inducing factor, from the mitochondrial intermembrane space to the cytosol. [4] [5] [6] [7] [8] [9] [10] [11] Interestingly, cells deficient for Bid, Bax and Bak are still sensitive to human GB-induced cell death, 5, [11] [12] [13] suggesting that human GB targets the mitochondria in another way that needs to be characterized. Altogether, much attention has been focused on the importance of MOMP in the execution of GB-mediated cell death, leaving unclear whether ROS production is a bystander effect or essential to the execution of GBinduced apoptosis. The mitochondrial NADH: ubiquinone oxidoreductase complex I is a key determinant in steadystate ROS production. This 1 MDa complex, composed of 44 subunits, 14 couples the transfer of two electrons from NADH to ubiquinone with the translocation of four protons to generate the ΔΨm. The importance of ROS has been previously demonstrated for caspase-3 and granzyme A (GA) pathways through the cleavage of NDUFS1 and NDUFS3, respectively. [15] [16] [17] [18] GA induces cell death in a Bcl-2-insensitive and caspase-and MOMP-independent manner that has all the morphological features of apoptosis. 1, [16] [17] [18] [19] [20] As GA and GB cell death pathways are significantly different, whether ROS are also critical for GB still need to be tested. Here, we show that GB induces ROS-dependent apoptosis by directly attacking the mitochondria in a caspase-independent manner to cleave NDUFS1, NDUFS2 and NDUFV1 in complex I. Consequently, GB inhibits electron transport chain (ETC) complex I and III activities, mitochondrial ROS production is triggered and mitochondrial respiration is compromised. Interestingly, MOMP is not required for GB to cleave the mitochondrial complex I subunits and ROS production. Moreover, GB action on complex I disrupts the organization of the respiratory chain and triggers the loss of the mitochondrial cristae junctions. We also show that GB-mediated mitocentric ROS are necessary for proper apoptogenic factor release from the mitochondria to the cytosol and for the rapid DNA fragmentation, both hallmarks of apoptosis. Moreover, GB-induced ROS are necessary for lysosomal membrane rupture. Thus, our work brings a new light to the GB pathway, showing that GB-mediated mitochondrial ROS are not adventitious waste of cell death, but essential mediators of apoptosis.
Results
GB disrupts complex I by cleaving NDUFV1, NDUFS2 and NDUFS1. To test whether ROS are necessary for GB rapid induction of cell death, K562 cells were treated with a sublytic concentration of perforin (P) and GB in the presence or absence of the antioxidants Mn(III)tetrakis (4-benzoic acid) porphyrin (MnTBAP) or N-acetyl cysteine (NAC). MnTBAP and NAC reduced both GB-induced mitochondrial ROS production and cell death in a dose-dependent manner as detected by MitoSOX and Annexin-propidium iodide (PI) staining, respectively ( Figure 1a and Supplementary Figures 1a and b). MnTBAP also inhibits GB-induced ROS increase when detected with dihydroethidium (HE) that reacts with total superoxide anion (Supplementary Figure 1c) . Moreover, MnTBAP significantly protects the B-cell line 721.221 from YT-Indy human NK cell line that mainly abundantly expresses GB (Figure 1b) , indicating that GB induces ROS-dependent apoptosis. The mitochondria-targeted ROS scavenger MitoQ 21 completely scavenges GB-induced ROS and inhibits cell death, suggesting that GB induces mitochondrial ROSdependent apoptosis (Figure 1c) . By 2D gel electrophoresis and mass spectrometry analysis of the mitochondria treated or not with GB or GA, we identified NDUFV1 as a putative GB target (Figure 1d ). The mass spectrometry data identified eight peptides covering more than 40% of NDUFV1 protein. NDUFV1 is a 51 kDa iron-sulfur (Fe-S) cluster-containing subunit that catalyzes the initial transfer of electrons from NADH across complex I to ubiquinone, making it a good candidate target for GB-induced ROS. [22] [23] [24] [25] GB and P treatment of K562 cells induced a dose-and time-dependent cleavage of NDUFV1 comparable to PARP-1 cleavage (Figure 1e ). The caspase inhibitors z-VAD-fmk and DEVD-fmk have a partial effect, whereas the GB inhibitor Ac-IETD-CHO prevented NDUFV1 cleavage. Using CutDB and SitePrediction bioinformatics tool, 26, 27 we found that GB has predicted cleavage sites for NDUFV1, NDUFS2, NDUFS1, NDUFS3, NDUFS7 and NDUFA13. Similar to NDUFV1, both NDUFS1 and NDUFS2 were cleaved in K562 cells treated with GB and P similarly to PARP-1 ( Figure 1f and data not shown). GB cleavage of NDUFS1 and NDUFS2 was slightly affected by z-VAD-fmk (Supplementary Figure 1d and data not shown). The dose of z-VAD used was effective as it inhibits caspase cleavage of PARP (89 kDa fragment) and prevents caspase-3 autoprocessing from p19 to p17 (Supplementary Figure 1d) . Tagged complex I subunits overexpressed in the B-cell line 721.221, or MEF localized to the mitochondria and integrated into complex I (Supplementary Figures 1e-g and data not shown). GB induced a dose-and time-dependent cleavage of tagged NDUFV1, NDUFS2 and NDUFS1 similar to PARP-1 and HAX-1 11, 12 cleavage (Supplementary Figures  2a-c) . GB did not cleave NDUFS3, NDUFS7 or NDUFA13 (data not shown). Tagged NDUFV1, NDUFS2 and NDUFS1 were also cleaved when 721.221 cells were incubated with YT-Indy (Figures 1g-i) . Moreover, the caspase-3-uncleavable mutant of NDUFS1 (D255A-NDUFS1) was also cleaved, confirming that it is a direct GB substrate (Figure 1h ). In the presence of cycloheximide that inhibits protein synthesis and de novo complex I production, GB and P still cleave complex I subunits, indicating that GB is acting on fully assembled complex I (Supplementary Figure 2d) . [28] [29] [30] NDUFS3 and NDUFA9 complex I subunits not cleaved by GB were still present long after the cells had died following 4 h of GB treatment (Supplementary Figure 2e) . Altogether, GB, independently of caspases, cleaves NDUFV1, NDUFS2 and NDUFS1 in cells undergoing killer cell attack.
GB cleaves recombinant NDUFV1, NDUFS1 and NDUFS2 and cleaves these proteins in intact mitochondria. CutDB predicts that GB will cleave NDUFV1 after D118 and D338/340 (Supplementary Figure 3a) , NDUFS1 after D364 (Supplementary Figure 3b) and NDUFS2 after D317 (Supplementary Figure 4) . These cleavage site sequences are conserved between mice and humans. The cleavage fragment sizes corresponded roughly to predicted cleavage sites. The D-A mutations at the predicted cleavage sites protect from GB, confirming that NDUFV1, NDUFS1 and NDUFS2 are direct GB substrates. In isolated intact mitochondria, GB cleaved all three of these complex I subunits, but not NDUFS3 or NDUFA13, within 1 min (Figure 2a ). The cleavage of the subunits was inhibited by valinomycin-mediated mitochondrial ΔΨm loss, suggesting that GB needs an intact ΔΨm to reach its substrates inside the mitochondrial matrix.
GB-induced ROS are mediated by complex I subunits cleavage, are independent of caspase activation and potentiate cell death. Overexpression of GB-uncleavable forms of complex I subunits (triple mutant) significantly reduced and slowed down GB-mediated ROS production, compared with cells overexpressing the wild-type (WT) substrates (triple WT) (Figures 2b-d) . Thus, mitochondrial complex I proteolysis is a major contributor to ROS generation in this pathway. The presence of endogenous NDUFV1, NDUFS2 and NDUFS1 might account for some residual ROS production. However, the silencing of these endogenous subunits in triple mutant cells triggers spontaneous ROS production (data not shown). Overexpression of these uncleavable mutant proteins also significantly inhibited and slowed down GB-mediated cell death (Figures 2e and f) . GB-mediated ROS production and cell death in triple WT and triple mutant cells was caspase-independent (Figures 2g  and h ). Thus, GB induces mitocentric ROS by cleaving NDUFV1, NDUFS2 and NDUFS1 independently of caspases to promote apoptosis.
GB cleaves complex I subunits independently of MOMP.
Purified mitochondria were treated with GB in the presence or absence of S100 cytosolic fraction as a source of Bid, and Figure 2 Overexpression of GB-uncleavable NDUFS1, NDUFS2 and NDUFV1 protects against GB-induced ROS production and cell death. (a) Purified intact mouse liver mitochondria, pretreated or not with valinomycin, were incubated with GB and probed for complex I subunits. (b) Expression of WT (triple WT) and GB-uncleavable NDUFV1-3xFLAG, NDUFS2-HA and NDUFS1-V5 (triple mutant) proteins in untransfected or transfected K562 cells. (c-h) Transfected K562 cells were treated with P ± GB as indicated and assessed for mitochondrial ROS by MitoSOX staining and flow cytometry (c, d and g) and for cell death by Annexin V-PI staining and flow cytometry (e and h) or counting of apoptotic nuclei stained by Hoechst 33342 (f, mean of at least 300 nuclei per conditions, from three independent experiments). P+GB (red lines), P alone (blue lines), GB alone (black lines), triple WT (circles) and triple mutant (triangles). In (g and h), cells were pretreated or not with z-VAD-fmk to inhibit caspases. Mean ± S.E.M. of at least three independent experiments is shown, *Po0.05 and **Po0.01 The 721.221 target cells, transfected with tagged NDUFV1 (g), caspase-3-uncleavable D255A-NDUFS1 (h) or NDUFS2 (i) were treated with YT-Indy NK cells at indicated effector/target (E/T) ratios and probed for the ectopically expressed complex I proteins using anti-tag antibodies. Experiments in (e-i) were repeated at least three times with similar results apoptogenic factors release was followed to assess MOMP. 4, [6] [7] [8] [9] [10] GB induced Cyt c and Endo G release only in the presence of S100 (Figure 3a ), whereas cleavage of NDUFS1 occurred in the absence of S100 (Figure 3a) . Interestingly, NDUFS1 cleavage was increased in the presence of S100, most likely as the result of the combined action of GB and caspase-3. Moreover, GB still induces ROS and cell death in Bax-and Bak-deficient mouse embryonic fibroblasts (MEFs), 31 although to a lower extent compared with the WT counterpart (Figures 3b-d) . Note that the level of GB-induced ROS corresponds to the extent of cell death following GB treatment of Bax − / − and Bak − / − MEF. The higher level of ROS observed in WT MEF could be because of the combined action of GB and caspase-3 on complex I subunits cleavage as observed in Figure 3a . GB cleaved tagged NDUFV1, NDUFS2 and NDUFS1 similarly in WT and Bax (Figures 3e and f) . Thus, GB induces complex I subunit cleavage and ROS independently of MOMP. Therefore, GB does not need the opening of the mitochondrial outer membrane generated by the MOMP to enter the mitochondria and to cleave complex I subunits.
GB-induced ROS are necessary for apoptogenic factor release and oligonucleosomal DNA fragmentation. ROS have been shown to enhance apoptogenic factor release. [32] [33] [34] Interestingly, although NAC did not alter GB-induced Bid cleavage, NAC reduced and delayed the release of Cyt c, Endo G and Smac triggered by GB ( Figures  4a-c) . Moreover, neither NAC nor MitoQ prevents GB cleavage of complex I subunits (Supplementary Figure 5a) . Similarly, triple mutant cells experienced GB-mediated Bid cleavage while they are resistant to GB-induced apoptogenic factor release (Figures 4d-f ). We obtained similar results when Cyt c distribution was assessed by immune staining following GB and P treatment of triple mutant K562 cells (Figure 4g ). Thus, GB-mediated mitocentric ROS also promote the release of apoptogenic factors.
Moreover, the well-characterized GB-mediated DNA fragmentation 35, 36 was reduced and delayed by NAC treatment (Figures 4h and i) . In a similar manner, triple mutant cells were also resistant to GB-induced DNA fragmentation ( Figure 4j ). Neither NAC nor overexpression of GB-uncleavable complex I subunits inhibits GB-induced ICAD cleavage (data not shown). Altogether, this indicates that GBmediated mitocentric ROS are also required for oligonucleosomal DNA fragmentation.
GB-induced ROS are necessary for lysosomal membrane rupture. Mitochondrial ROS have been implicated in lysosomal disruption in tumor necrosis factor-mediated cell death. 35 Lysosomal green staining began to decline in 
Bak
− / − MEFs treated with GB and P for 1 h. Mean ± S.E.M. of three independent experiments is shown, *Po0.05 and **Po0.01. (e and f) WT (e) and Bax − / − Bak − / − (f) MEFs overexpressing NDUFS1-V5, NDUFV1-3xFLAG and NDUFS2-HA were treated with GB and P as indicated and probed for NDUFS1, NDUFV1 and NDUFS2 using anti-tag antibodies. PARP-1 was probed as a control for GB activity and Hsp60 is a loading control. Blots are representative of at least three independent experiments U937 cells within 30 min of GB+P treatment, as an indication of pH rises in compromised lysosomes, suggesting that lysosomal permeabilization is a feature of GB-mediated death (Figure 4k and Supplementary Figure 5b) . The loss of lysosensor green staining was significantly inhibited by NAC. Moreover, overexpression of GB-uncleavable complex I subunits reduced lysosomal membrane permeabilization, suggesting that GB-induced mitocentric ROS are also 
GB-induced ROS requires a functional respiratory chain.
It has been proposed that GB induces ROS, independently of mitochondria, by a caspase-dependent activation of the NADPH oxidases (NOX). 36 However, here z-VAD-fmk had no significant effect on GB-induced ROS production and cell death, and overexpression of the uncleavable complex I subunits markedly reduced ROS generation by GB ( Figures  2c, d and g ). The ρ 0 K562 cells that have a significant loss of mitochondrial DNA (mtDNA), no respiration and no complexes I and III (Figure 5a ) 37 are completely resistant to GBinduced ROS and cell death (Figures 5b and c) . Interestingly, GB still induced ROS and cell death in
MEFs (Figures 5d and e) . As MEF does not express NOX1 and as GB induces the same level of ROS from the NOX1 KO and the NOX4 KO, we conclude that in our system the NOX contribution in GB-induced ROS and cell death is marginal relative to the mitochondrial contribution. GB lacks a mitochondrial targeting sequence. Furthermore, cleavage of NDUFV1, NDUFS2 and NDUFS1 was MOMPindependent, suggesting that permeabilization of the outer membrane is not needed. We verified that GB enters the mitochondria by flow cytometry and western blot (WB) analysis of isolated mitochondria incubated with Alexa Fluor-647-labeled or -unlabeled GB followed by gentle proteinase K (PK) treatment to remove externally bound proteins. GB mitochondrial import was inhibited by valinomycin (Figures 5f  and g ). Valinomycin, which also disrupted the ΔΨm of intact cells (Figure 5h ) without altering P-mediated GB uptake into cells (Figure 5i ), inhibited GB-induced ROS and cell death (Figures 5j and k) . Taken together, these results show that GB requires a functional respiratory chain and intact transmembrane potential to enter the mitochondria and induce ROSdependent cell death.
GB disrupts complex I and III activities. GB treatment rapidly reduced both the glutamate/malate-and succinatedependent respiration of isolated mitochondria with kinetics similar to complex I cleavage (Figures 6a and b) . Interestingly, when purified intact mitochondria were treated with GB and respiratory complexes were analyzed by blue native gel electrophoresis (BNGE), 38, 39 GB induced a dose-dependent inhibition of complex I activity that was significant within 1 min as monitored by in-gel activity assay (Figure 6c ). Unexpectedly, GB also rapidly inhibited complex III activity, whereas the activities of complexes IV and V were unaffected. Using spectrophotometric assay of mitochondria treated with GB, we confirmed that GB alters complex I and III activities, although complex IV function was untouched (Supplementary Figures 6a, c and d) . Moreover, GB also had a mild effect on complex II activity (Supplementary Figure  6b) . Despite the change in complex III function, GB did not cleave the complex III subunits UQCRC1, UQCRC2 and UQCRFS1, whereas mild effect was seen on UQCRB at the highest dose of GB (Figure 6d) . Thus, GB rapidly inhibits complex I, II and III activity and reduces mitochondrial respiration.
GB alters the organization of the mitochondrial respiratory chain. Mitochondrial ETC complexes organize into supercomplexes (SCs) that channel electrons in response to changes in substrate availability. 28 The alteration in complex III activity we measured might be because of changes in SC formation caused by GB cleavage of complex I subunits. In lauryl maltoside (LM)-solubilized mitochondria, which preserves monomeric ETC complexes but disrupts SCs, GB reduced NDUFV1, NDUFS2 and NDUFS1, but had no effect on the complex III proteins UQCRC1, UQCR2 or UQCRS1 (Figure 6e) . In digitonin (D)-solubilized mitochondria, which preserved both monomeric complexes and SCs, I+III 2 SC formation was greatly enhanced by GB treatment, which was more evident when probing for unaffected NDUFA13 and NDUFS3 (Figure 6g ). We did not observe SC I+III2+IV probably because the mitochondria were purified from C57B6 mice that are deficient for Cox7a2l (Cyt c oxidase subunit VIIa polypeptide 2 like) and therefore cannot have III+IV association (Supplementary Figure 6e) . 28 GB induced a significant loss in monomeric complex I and III activities, as shown previously (Figures 6c and f) . In D-solubilized samples, complex I and III activities of SC I+III 2 were not significantly changed by GB, even though much more SC was formed after GB treatment, indicating that the specific activity of these complexes was reduced by GB treatment. Thus, GB alters mitochondrial respiratory chain organization by tilting the balance from monomeric complexes to an accumulation of SC I+III 2 .
GB triggers loss of mitochondrial cristae junctions. Cristae morphology is a critical determinant of ETC organization and respiratory efficiency. 40 We therefore examined whether GB treatment might also affect the shape of cristae. By electron microscopy, we observed that in GB-treated mitochondria many of the cristae appeared to have lost their junction (Figures 6h and i) . A better appreciation and the functional significance of GB-induced cristae disorganization will require further studies. Thus, GB has a profound effect on mitochondrial respiration, respiratory complex activity and mitochondrial morphology.
Discussion
Here we show for the first time that GB directly cleaves NDUFV1, NDUFS2 and NDUFS1 in ETC complex I, independently of caspases, to trigger mitocentric ROS-dependent apoptosis. GB-mediated cleavage of complex I subunits not only generates ROS but also has a profound effect on mitochondrial function. GB alters complex I, II and III function and disrupts mitochondrial respiration of metabolites that feed into either complex I or complex II, disrupts ETC supramolecular organization and causes cristae to detach. The generation of mitochondrial ROS in the form of superoxide, the species produced by complex I dysfunction, 41 was previously shown to be necessary for killer lymphocyte-mediated death since superoxide scavengers virtually completely inhibit death. 17, 42 Here we further show that GB-mediated mitocentric ROS are necessary for optimal apoptogenic factor release, pointing out that factor release need two independent steps, (1) the permeabilization of the mitochondrial outer membrane following GB cleavage of Bid, which trigger Bax/ Bak oligomerization and MOMP, (2) ROS that untether the apoptogenic factors within the intermembrane space for their release into the cytosol. Mitocentric ROS are also required for proper oligonucleosomal DNA fragmentation. This is in agreement with the fact that Endo G release is ROSdependent, knowing that Endo G synergize with CAD for DNA fragmentation. Interestingly, NAC does not prevent GB-mediated ICAD cleavage (data not shown). We have reported that ROS were necessary for the SET complex containing GA-activated DNAses (three prime repair exonuclease 1 and nm23-H1) nuclear translocation upon − / − and NOX4 − / − MEFs were treated with P+GB and analyzed as above for ROS production (d) and cell death (e). (f) Purified intact mouse liver mitochondria treated or not with valinomycin were incubated with Alexa-647 GB before partial treatment with PK to remove externally bound proteins and analyzed by FACS. (g) Same as in (f) using unlabeled GB and analyzed by immunoblot. (h-k) Although valinomycin treatment of K562 cells depolarizes mitochondria (h), it has no effect on GB uptake into cells assessed by flow cytometry (i). Valinomycin inhibits GB-induced ROS (j) and cell death (k) in a dose-dependent manner, even in the presence of the pancaspase inhibitor z-VAD. The color code for valinomycin concentrations is as in (h). All graphs show mean ± S.E.M. of at least four independent experiments. *Po0.05, **Po0.01 and ***Po0.001
GA-induced cell death. 16, 17 It is possible that in a similar manner, ROS are required for the nuclear translocation of CAD and Endo G. Additional work will be required to test this possibility. Moreover, ROS damage the integrity of the lysosomal compartment, probably following redox modification of proteins and lipids of this compartment.
GA, caspase-3 and now GB proteolyzed subunits of complex I to induced ROS-dependent apoptosis, 15, 16 making complex I a point of crosstalk for three distinct cell death pathways. We have recently found that granzymes are delivered into bacteria to cleave multiple components of bacterial complex I to generate ROS-dependent bacteria death. 43 Thus, complex I disruption and ROS production are conserved biochemical mechanisms important for executing programmed cell death in two evolutionary kingdoms.
Our results indicate that GB must enter the mitochondrial matrix to cleave its substrates in the matrix-protruding arm of complex I. How does GB (or for that matter GA and caspase-3), which lack mitochondrial targeting sequences, get into the mitochondrial matrix is still unknown. GB mitochondrial entry does not require MOMP, but does require an intact ΔΨm. As MOMP dissipates the ΔΨm, GB may only enter the mitochondria that have not undergone MOMP or before MOMP dissipates the ΔΨm.
GB-induced ROS required mitochondrial electron flow as ρ 0 K562 cells were resistant to both GB-induced ROS and cell death. This result and our finding that ROS generation is caspase-independent differ from a previous work, 36 which implicated NOX oxidases in ROS generation by GB. However, we found that GB generation of ROS and cell death were not significantly reduced in NOX1 − / − or NOX4 − / − MEFs, suggesting that mitochondria rather than NOX proteins are the primary source of ROS in GB cell death pathway.
Based on the crystal structure of Thermus thermophilus complex I, mammalian NDUFV1, NDUFV2 and NDUFS1 are predicted to be localized at the tip of the matrix-protruding arm of complex I, exposed to solvent 30, 44 and hence be accessible to GB. We found that complex I within SC I+III 2 is also altered by GB. This is consistent not only with the function of those subunits in forming the electron entry site but also with the topology of SC I+III 2 as dimeric complex III associates with the membrane segment of complex I, leaving the matrixprotruding arm free. 45, 46 Cleavage of NDUFS1, NDUFS2 and NDUFV1 would be expected to disrupt complex I function and favor a leakage of the electrons to produce ROS. GB unexpectedly inhibited complex III activity and succinate-dependent respiration. We did not observe cleavage of tested complex III subunits, except a mild effect on UQCRB. It is possible that GB also acts on other complex III subunits we did not evaluate. Moreover, GB has a mild effect on complex II activity. This plus the increased SC I+III 2 formation may help explain why GB compromises respiration of the complex II substrate succinate. Taken together, it appears that GB hits multiple site of the respiratory chain at the level of complex I, II and complex III that will alter the electron flow and favor the formation of mitocentric ROS.
In intact complex I, the Fe-S centers and their associated electrons are buried in the protein part of the subunits to shield them from ambient O 2 . GB, by cleaving these subunits close to their Fe-S centers (Supplementary Figures 3 and 4) , may expose electrons within the Fe-S centers to ambient oxygen allowing their direct reaction to form superoxide. Reverse electron transport accounts for most O 2 . − production by complex I under basal conditions in a process that involves reduced ubiquinone. 47, 48 NDUFS2 establishes a groove with NDUFS7 to form the ubiquinone binding site. [23] [24] [25] GB cleavage of NDUFS2 may alter the ubiquinone binding site to favor ROS production in the reverse electron transfer mode.
In our model, electron flow is required for GB to induce ROS. Yet, GB cleavage of NDUFV1 might shorten the forward electron supply at a very early stage. One possibility to explain continuous electron flow and ROS production in this pathway is by the SC organization of the respiratory chain that allows reverse electron flow. GB treatment increases SC I+III 2 organization. In this setting, reverse flowing electrons might then leak at the level of damaged complex I to produce ROS. In addition, we cannot exclude that the effect of GB on other complexes, for example, complex II and III might also contribute to the ROS production. Mitochondrial cristae morphology also influences respiratory chain organization. 40 ,49 GB disrupts cristae junctions through an unknown mechanism, which likely contributes to mitochondrial dysfunction and ROS production.
Taken together, our results demonstrate that GB-induced respiratory chain complexes disruption triggers ROS production that is necessary for apoptosis. P and GB treatment. P was purified from the rat RNK-16 cells and GB from the human YT-Indy NK cells. 50 GB was first added to cells (5 × 10 4 ) suspended in 30 μl cell buffer (Hank's balanced salt solution (HBSS) with 10 mM HEPES, pH 7.4, 0.4% BSA, 4 mM CaCl 2 ) and immediately thereafter an equal volume of P in HBSS with 10 mM HEPES, pH 7.4, was added. The P concentration was chosen as the sublytic concentration that lyses 5-15% of cells. Cells were incubated at 37°C for the indicated time. In some cases, cells were preincubated with 100 μM of the caspase inhibitors z-VAD-fmk+DEVD-fmk or 100 μM of the GB inhibitor Ac-IETD-CHO for 30 min at 37°C before P and GB treatment. When antioxidants were used, cells were pretreated with N-acetyl-L-cysteine (Sigma-Aldrich) for 1 h or with MnTBAP (Calbiochem) for 30 min before the addition of P and GB. For the mitochondria-targeted antioxidant MitoQ, cells were preincubated for 1 h with 20 μM of MitoQ (kindly provided by Dr. Mike Murphy from the Mitochondrial Biology Unit, MRC UK, Cambridge, UK) or 20 μM of decyl-TPP (triphenylphosphonium) as a control, before treatment with P and GB.
Measurement of apoptosis, ROS production and ΔΨm. Treated cells were washed in PBS and stained with Annexin V Alexa Fluor-647 and PI (Life Technologies) to detect apoptotic cells. Alternatively, cells were fixed with 0.5% paraformaldehyde in PBS and nuclei were stained with 5 μg/ml Hoechst 33342 (Molecular Probes, Life Technologies) and analyzed by microscopy. Condensed or fragmented nuclei were considered as apoptotic. For each individual experiment, at least 300 nuclei were counted per condition. For detection of ROS, cells were stained with 5 μM MitoSOX or 2 μM HE (Life Technologies) for 5 min at room temperature (RT) and analyzed by flow cytometry. To assess ΔΨm, cells were labeled with 500 nM tetramethylrhodamine, methyl ester for 15 min at RT and washed three times in PBS before flow cytometry analysis with an Accuri C6 flow cytometer (BD Biosciences).
Site-directed mutagenesis. pCMV6 vectors containing NDUFS1, NDUFS2 and NDUFV1 cDNA sequences were purchased from OriGene Technologies (Rockville, MD, USA). Site-directed mutagenesis was performed by polymerase chain reaction with Herculase II Fusion DNA Polymerase (Agilent Technologies, Santa Clara, CA, USA) using overlapping primers, followed by restriction digest with DpnI. PCR products were transformed into One Shot TOP10 Competent Escherichia coli (Life Technologies).
The following primers were used (5′-3′): S1D255A forward, GACAGAATCCATT GATGTAATGGCTGCGGTTGGAAG and S1D255A reverse, CTTCCAACCGCAGC CATTACATCAATGGATTCTGTC; S1D364A forward, GAGTGGACTCTGCCACCT TATGCACTGAAG and S1D364A reverse, CTTCAGTGCATAAGGTGGCAGAGTC CACTC; S2D317A forward, CGACCAGGTTGAGTTTGCTGTTCCTGTTGGTTCTC and S2D317A reverse, GAGAACCAACAGGAACAGCAAACTCAACCTGGTCG; and V1D118A forward, TGGTGAACGCAGCCGAGGGGGAGCC and V1D118A reverse, GGCTCCCCCTCGGCTGCGTTCACCA and V1D338/340A forward, CGGTGCTG ATGGCCTTCGCTGCGCTGGTGCA; V1D338/340A reverse, TGCACCAGCGCA GCGAAGGCCATCAGCACCG.
Generation of stable cell lines. Retroviral vectors were obtained by subcloning the cDNA sequence of human NDUFS1, NDUFS2 or NDUFV1 into pQCXIH, pQCXIP or pQCXIN (Takara, Clontech, Mountain View, CA, USA), respectively. The following primers were used (5′-3′): V1 forward, AAAAAATTAAT TAAGCCACCATGCTGGCAACACGGCGGC and V1 reverse (3xFLAG tag), forward, AAAAATTAATTAACTACTTGTCATCGTCATCCTTGTAGTCGATGTCATGATCTTTAT AATCACCGTCATGGTCTTTGTAGTCAGAGGCAGCCTGCCGGGC; S1, AAAAAAG CGGCCGCGCCACCATGTTAAGGATACCTGTAAGAAAG and S1 reverse (V5 tag), AAAAAAGGATCCTCACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTT ACCGCATATGGATGGTTCCTCTAC; S2 forward, AAAAAAGCGGCCGCGCCACCAT GGCGGCGCTGAGGGCTTTG and S2 reverse (HA tag), TGCTTCTGAATTCT CAAGCGTAGTCTGGGACGTCGTATGGGTACCGATCTACTTCTCCAAATACATATCTTGG.
Retroviruses were produced by CaCl 2 transfection of the GP2-293 packaging cell line with the retroviral vectors encoding complex I genes and pVSV-G. Twelve hours after transfection, cells were washed and stimulated with 10 mM sodium butyrate for 12 h before changing the medium. Retroviral supernatants were collected after 48 h. Cells were transduced by 12 h incubation with the retroviral supernatant in the presence of 8 μg/ml polybrene. Puromycin, G-418 and hygromycin selection was begun 48 h after infection. Generation of ρ 0 cells. K562 cells were cultured in DMEM supplemented with ethidium bromide (250 ng/ml), sodium pyruvate (110 μg/ml) and uridine (50 μg/ ml) for at least 1 month. Mitochondrial DNA was quantified by qPCR using primers specific for COX1 and normalized to nuclear DNA using primers for RNaseP.
Cell fractionation. Treated cells (1 × 10 6 ) were washed with PBS and resuspended in 100 μl of cytosolic extraction buffer (70 mM KCl, 137 mM NaCl, 1.4 mM KH 2 PO 4 pH 7.2, 4.3 mM Na 2 HPO 4 , 250 mM sucrose, 50 μg/ml D, protease inhibitors) and placed on ice for 5 min. Cells were centrifuged at 1000 × g for 5 min and the supernatant was stored as the cytosolic fraction. The pellet was resuspended in 100 μl of mitochondrial lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 2% Triton X-100, 0.3% NP-40, protease inhibitors). After 10 min of centrifugation at 10 000 × g, the supernatant was kept as the mitochondrial-enriched fraction.
Quantification of GB uptake. Cells were washed in HBSS and resuspended in cell buffer (HBSS with 10 mM HEPES, pH 7.4, 0.4% BSA, 4 mM CaCl 2 ). GB, labeled with Alexa Fluor-647 using the Alexa Fluor-647 Labeling Kit from Life Technologies according to the manufacturer's protocol, was added to cells just before adding a sublytic dose of P. After 10 min at 37°C, cells were extensively washed with HBSS at 4°C before flow cytometry analysis.
DNA laddering assay. Treated cells (1.5 × 10 6 ) were washed with cold PBS, resuspended in lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.5% SDS) and incubated for 10 min on ice. RNAse A (100 μg/ml) was added for 1 h at 37°C, followed by the addition of 100 μg/ml PK for 4 h at 50°C. After adding 300 mM sodium acetate, pH 5.2, DNA was precipitated with ethanol overnight at − 20°C. The pellet obtained after centrifugation at 14 000 × g for 30 min was dissolved in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). DNA (6 μg) was electrophoresed through 1.2% agarose gels containing 0.5 μg/ml ethidium bromide.
Isolated mitochondria assays. Mitochondria isolated from mouse liver as described 51 were freshly prepared for all assays. Mitochondria (2.5 mg/ml protein) in 40 μl import buffer (600 mM sorbitol, 160 mM KCl, 20 mM magnesium acetate, 4 mM KH 2 PO 4 , 5 mM EDTA, 5 mM MnCl 2 , 200 mM HEPES, pH 7.2) were incubated with GB (450 nM) for 5 min at 37°C and 10 μl of reactions were analyzed by immunoblot. For apoptogenic factor release experiments, mitochondria were incubated with GB (450 nM) alone or with 25 μg of S100 for 1 h at 37°C. After centrifugation at 8000 × g, supernatant and pellet were analyzed by immunoblot. For O 2 consumption and electron microscopy experiments, mitochondria were purified as described. 52 Mitochondrial pellet was resuspended in respiration buffer (150 mM KCl, 10 mM Tris/MOPS and 10 μM ATP). Mitochondria (400 μg) were transferred to a Clark electrode chamber to measure oxygen consumption. Succinate (5 mM) or glutamate and malate (5 and 2.5 mM, respectively) were added, and 5 min later GB (450 nM) was added. Oxygen consumption was recorded over 20 min. Mitochondrial import assays were performed according to Mokranjac and Neupert. 53 Fifty micrograms of mitochondria in the import buffer were incubated with 200 ng of unlabeled or Alexa-647 GB for 15 min at 37°C. Half of the reactions were treated with 50 μg/ml of PK for 15 min on ice to give the imported fraction. PK was inactivated with 5 μl of 0.2 M PMSF and sample spun at 12 000 × g for 15 min. Pellets were resuspended in either PBS or 1x SDS sample buffer for FACS and WB analysis, respectively. The second halves ware use as input. In some cases, mitochondria in SH buffer were preincubated with 0.4 μM of valinomycin for 15 min to disrupt the ΔΨ before carrying the import assay.
Respiratory complex in-gel activity. Mitochondria (400 μg in 40 μl of import buffer) were treated with 450 nM of GB for 5 min at 37°C. The reaction was stopped by adding 3 μl of 0.2 M PMSF. After 5 min on ice, samples were spun for 30 min at 12 000 × g. Pellets were solubilized on ice for 15 min with 40 μl of lysis buffer. For monomeric complex resolution, pellets were resuspended in LM buffer (50 mM NaCl, 1 mM EDTA, 50 mM imidazole/HCl, 2 mM 6-aminohexanoic acid, pH 7.0, 2% freshly prepared LM). To resolve SCs, pellets were solubilized in D buffer (30 mM HEPES, pH 7.4, 150 mM potassium acetate, 10% glycerol and 5% freshly prepared D). Samples were spun for 20 min at 20 000 × g at 4°C. Six microliters of 50% glycerol and 5 μl of 5% Coomassie blue G-250 were added to the supernatant to give a detergent/dye mass ratio of 8. Mitochondria (100 μg) were electrophoresed at 30 V for 30 min through native 3-13% gradient acrylamide gels using anode buffer (imidazole 25 mM, pH 7) and cathode buffer B (50 mM Tricine, pH 7, 7.5 mM imidazole, 0.02% Coomassie blue G-250). Then, the cathode buffer B was replaced by cathode buffer A (50 mM Tricine, pH 7.0, 7.5 mM imidazole, 0.002% Coomassie blue G-250) and electrophoresis was continued at 80 V until the dye front reached the gel bottom. Complex I, IV and V were assayed as described. 38 Briefly, gels were washed in distilled water before incubation at RT with the following solutions: Complex I solution -2 mM Tris-HCl, pH 7.4, 0.1 mg/ml NADH, 2.5 mg/ml nitrotetrazolium blue for 15 min at RT. Complex IV solution -5 mg 3:3′-diamidobenzidine tetrahydrochloride dissolved in 9 ml of 5 mM phosphate buffer (0.05 M, pH 7.4), 1 nM catalase (20 U/ml), 10 mg Cyt c and 750 mg sucrose overnight at RT. Complex V solution -35 mM Tris, pH 7.8, 270 mM glycine, 14 mM MgSO 4 , 0.2% Pb(NO 3 ) 2 , 8 mM ATP and overnight at RT. Gels were washed in distilled water and scanned immediately. Complex III activity was assayed as described in Smet et al. 39 Briefly, gels were incubated in Complex III solution -1-STEP TMB-BLOT (Pierce, Thermo Scientific, Rockford, IL, USA) overnight at RT.
Spectrophotometric respiratory complex assay. Mitochondria (60 μg in 30 μl of import buffer) were treated with 450 nM of GB for 5 min at 37°C. The reaction was stopped by adding 3 μl of 0.2 M PMSF. After 5 min on ice, the respiratory complex activities were measured according to Spinazzi et al. 
